Owing to their remarkable mechanical properties, carbon nanotubes have been employed in many diverse areas of applications. However, similar to any of the many man-made materials used today, carbon nanotubes (CNTs) are also susceptible to various kinds of defects. Understanding the effect of defects on the mechanical properties and behavior of CNTs is essential in the design of nanotube-based devices and composites. It has been found in various past studies that these defects can considerably affect the tensile strength and fracture of CNTs. Comprehensive studies on the effect of defects on the buckling and vibration of nanotubes is however lacking in the literature. In this paper, the effects of various configurations of atomic vacancy defects, on axial buckling of single-walled carbon nanotubes (SWCNTs), in different thermal environments, is investigated using molecular dynamics simulations (MDS), based on a COMPASS force field.
Introduction
It is now well known that carbon nanotubes possess superior mechanical, electrical and thermal properties. These properties have spurred considerable interest among researchers and as a result many experimental and theoretical studies have been performed so far to explore these remarkable material properties. However, as with any other man-made products carbon nanotubes are also found to be susceptible to defects. Studies have proved the existence of various kinds of defects such as missing atoms (vacancy defects), the presence of carbon rings other than the usual hexagonal rings (StoneWales defects) or the presence of sp 3 bonds instead of usual sp 2 bonds (rehybridization defects) (Krasheninnikov et al 2001 , Suenaga et al 2007 , Yueyuan et al 2000 , Salonen et al 2002 , Nardelli et al 1998 . Interestingly, in spite of the degradation in strength and stiffness caused by these defects, defects are found to be favorable in some situations. For example, rehybridization defects are found to increase the bonding between nanotubes and the matrix in the case of nanotubebased composites and load transferring ability in the case of multi-walled carbon nanotubes and nanotube bundles (Huhtala et al 2007 , Sammalkorpi et al 2005 , Xia et al 2007 . Defects can occur in nanotubes during production or purification (Yueyuan et al 2000 , Mawhinney et al 2000 . Some defects are produced in an excessive temperature environment or under high stresses (Zhang et al 2009a , Nardelli et al 1998 . Also, defects can be deliberately introduced by irradiation (Ajayan et al 1998 , Krasheninnikov et al 2001 .
Plenty of studies have been conducted to explore the effect of defects on tensile properties and the fracture of carbon nanotubes (Belytschko et al 2002 , Pozrikidis 2009 , Xiao and Hou 2006 , Chandra et al 2004 , Sammalkorpi et al 2004 , Yuan et al 2007 , Wang et al 2007b . Belytschko et al (2002) used molecular mechanics based on Morse and Brenner potentials to study the fracture of a CNT and found that even a single missing atom can reduce its strength by about 25%. Similar observations were made by Xiao and Hou (2006) through molecular dynamics simulations (MDS). Wang et al (2007b) also studied the fracture of achiral single-walled carbon nanotubes (SWCNT) with single atomic vacancy defects using molecular mechanics and a continuum shell model. Further, they studied the effect of defect location on the fracture. Sammalkorpi et al (2004) studied the tensile strength and Young's modulus of SWCNTs with vacancy defects using MDS and derived analytical expressions for Young's modulus of defective CNTs based on continuum theory. In their study, non-reconstructed defects, reconstructed defects and the influence of different defect concentrations were investigated. They concluded that defects did not affect Young's modulus significantly but affected the tensile strength significantly. Zhang et al (2005) investigated the effects of one and two atomic vacancy defects and slits and holes on the fracture of single-walled CNTs, double-walled CNTs (DWCNT) and triple-walled CNTs (TWCNT) using atomistic simulations and multi-scale methods.
However, only a few works can be found on the effect of defects on buckling of CNTs. The influence of two types of pin hole defects with 6 and 24 missing atoms on the buckling strength of SWCNTs with different chiralities was studied by Hirai et al (2003) . They observed a significant reduction in buckling properties due to the presence of large pin hole defects. Xin et al (2008) studied the effect of single atom vacancy defects on the buckling of SWCNTs and DWCNTs using MDS. They observed significant effects of single atom vacancy on buckling load and buckling strain especially in small tubes. They further conclude that the relative positions of defects in the inner and outer walls play an important role in the buckling of DWCNTs. However, they employed the Morse potential which accounts only for bond stretching, bond angle and bond torsion energies. Wang et al (2008b) also studied the effect of single atomic vacancy defects on the buckling of (8, 0) SWCNTs using MDS and continuum beam models. Their results did not show a considerable effect of the defects on the buckling strain of CNTs, in contrast to the results of Xin et al (2008) . Zhang et al (2009b) investigated buckling of CNTs with monovacancies and bivacancies at 300 and 800 K. At 300 K, their results showed that the buckling strain of asymmetric bivacancy is superior to that of symmetric bivacancy as well as monovacancy. Further, they observed an increase in buckling load only in CNTs with symmetric bivacancy, as the temperature increased from 300 to 800 K, while CNTs with other vacancies as well as pristine CNTs showed a reduction in buckling load, as the temperature increased. Therefore, it is evident that despite the few studies conducted on the buckling of defective CNTs, the results of these studies are also debatable.
The aim of this paper is to explore the effect of vacancy defects occurring due to missing carbon atoms on the buckling properties of CNTs in various thermal environments using MDS based on a COMPASS force field. Only the effect of nonreconstructed vacancy defects are studied in this paper, because reconstructed vacancy defects can only be found in high thermal environments or under excessive strains. Furthermore, bond reconstruction tends to reduce the severity of the vacancy defects. Therefore, the worst effects of vacancy defects can be identified by studying non-reconstructed vacancy defects. The vacancy defects studied here are limited to vacancies of up to four missing atoms because small vacancy clusters were found to be the predominant types of defect by Krasheninnikov et al (2001) and Kotakoski et al (2006) . Furthermore, vacancy clusters with more than five missing atoms were found to split into small clusters by Kotakoski et al (2006) .
Atomic simulation model
In the present study, COMPASS (condensed-phase optimized molecular potentials for atomistic simulation studies) force field in Material Studio 4.4 is used for the simulation. The COMPASS force field has been proven as a good force field for analyzing mechanical behavior of CNTs and has been used by many researchers (Cao and Chen 2006b , 2006a , Chen and Cao 2006 , Kulathunga et al 2009 , Wang et al 2007a , 2008a , 2007b , 2008b . This force field accounts for the cross-term interacting energy as well, while the other widely used force fields such as the Tersoff-Brenner potential accounts only for valence energy (bond energy). Moreover, the parameters of the COMPASS force field have been obtained from ab initio quantum mechanics calculations (Sun 1998) while the parameters of empirical force fields such as Tersoff-Brenner have been obtained from experiments. Molecular dynamics simulations in this study are done using a time step of 0.5 fs and compression rate of 1 × 10 −3 nm ps −1 . A Berendsen thermostat is used to maintain the environmental temperature at the desired temperature. (7, 7) and (9, 9) SWCNTs with the same aspect ratio of 6.5 are considered here. The defect is introduced approximately at the middle of the tube as defects at the mid-length are proven to have the greatest effect on buckling (Parvaneh et al 2009 , Wang et al 2008b .
The initial velocities are calculated randomly at the desired temperature and hence dynamics runs are not exactly repeated. Therefore, four simulation trajectories are obtained for each case except for the cases considered at a temperature of 0 K, and the results are averaged (Ni et al 2002) . Buckling load is calculated from the slopes of the strain energy curves.
Results and discussion

Effect of atomic vacancies on buckling properties
It is clear that vacancies have an effect on buckling because buckling is highly sensitive to geometric imperfections. However, it is important to understand the severity of the effect of defects. In the case of CNTs with vacancy defects, several factors can be presumed to affect buckling such as the number and location of missing atoms, dangling bonds, the number of vacancy clusters and the distribution of vacancy clusters. In order to study the contribution of these factors, the vacancy configurations given in figure 1 are studied. Firstly, MDS are conducted at 0 K to avoid thermal effects and hence to observe the pure effect of vacancies. Results obtained for defective (7, 7) SWCNTs are compared with the pristine (7, 7) SWCNT and tabulated in table 1.
Symmetric vacancies with increasing number of missing atoms.
This section focuses on exploring the effect of the number of missing atoms on the buckling properties of SWCNTs. As the number of missing atoms increases, the number of dangling bonds also increases. It should be noted that vacancy configurations exist where the number of missing atoms are the same but the number of dangling bonds are different. As examples, vacancy clusters 2A, 2B and 4A, 4B can be introduced. In order to study the pure effect from missing atoms and dangling bonds, only the symmetric vacancy clusters (1A), (2A), (2B), (3A), (4A) and (4B) shown
Figure 2. (a) Strain energy curves; (b) force-displacement curves for the pristine (7, 7) CNT and (7, 7) CNTs with symmetric vacancy clusters.
in figure 1 are analyzed here. The strain energy curves and the force-displacement curves for the aforementioned vacancy clusters are shown in figures 2(a) and (b), respectively. Buckling is figured out by the sudden drop of strain energy or force. It can be seen from the figures 2(a) and (b) that the critical buckling strain of pristine CNT is 0.04. This value is in reasonable agreement with the value (i.e. 0.05) obtained by Yakobson et al (1996) for the same SWCNT with approximately the same length. It is further evident from figures 2(a) and (b) that even a single missing atom can create a significant reduction in buckling strain and buckling load. According to figures 2(a) and (b), the reduction of buckling strain due to one missing atom is 31%. This value is in reasonable agreement with the value (i.e. 43.9%) obtained by Xin et al (2008) for the same SWCNT with approximately the same length.
It can be seen from the results that the increasing number of missing atoms decreases buckling properties, in general. However, an exception can be observed between vacancy cluster (2B) and (3A). In spite of the lesser number of missing atoms in vacancy cluster (3A) compared to vacancy cluster (2B), a SWCNT with vacancy cluster (3A) shows higher buckling properties than a SWCNT with vacancy cluster (2B). In order to understand the reason for this exception, (9, 9) SWCNTs with the same vacancy clusters (2A), (2B) and (3A) are also analyzed. Strain energy curves and force-displacement curves for the (9, 9) SWCNTs with the aforementioned vacancy clusters are shown in figures 3(a) and (b). It is clear from figure 3 that a (9, 9) SWCNT with vacancy cluster (3A) shows lower buckling properties compared to the same SWCNT with vacancy cluster (2B). Although this observation contradicts the results obtained for (7, 7) SWCNTs with vacancy cluster (2B) and (3A), it agrees with the general trend between the number of missing atoms and the buckling properties (i.e. buckling properties decrease with an increase in the number of missing atoms). Therefore, it is understood that the exception observed in (7, 7) SWCNT with vacancy cluster (2B) and (3A) is not common to all SWCNTs and hence it is clear that the vacancy configuration is not responsible for this exception.
A higher number of dangling bonds has the potential to cause higher deterioration of buckling properties. As expected, a (7, 7) SWCNT with vacancy cluster (4B), which has a higher number of dangling bonds compared to vacancy cluster (4A), shows a higher reduction in buckling properties. However, an exception can be observed between (7, 7) SWCNTs with vacancy clusters (2A) and (2B). The (7, 7) SWCNT with vacancy cluster (2A), which has a higher number of dangling bonds compared to vacancy cluster (2B), shows higher buckling properties. The results obtained for the (9, 9) SWCNT with vacancy clusters (2A) and (2B) (figure 3) also show the same trend. Therefore, it seems that generally vacancy cluster (2A) is stronger in buckling compared to (2B), despite the higher number of dangling bonds it contains.
Overall, it can be seen that the increase in the number of missing atoms and dangling bonds decreases the buckling properties, in general. However, some exceptions can be expected where this trend is violated. This could be because of valence cross terms or non-bonded interactions, such as van der Waals interaction and Coulomb electrostatic forces, considered in the COMPASS force field. Moreover, at the atomic level, all the explanations cannot be found through physical quantities. Interactions between dangling bonds or chemical instabilities, caused by the missing atoms, could also create effects on the mechanical behavior of defective CNTs. For example, a SWCNT with asymmetric bivacancy was found to show higher buckling properties compared to monovacancy by Zhang et al (2009b) . They concluded that this observation is due to the bond reconstruction of asymmetric vacancy occurring at a lower temperature compared to monovacancy.
Furthermore, from the results given in table 1, it is obvious that the reduction in buckling load is always higher than the reduction in buckling strain. It is evident from the slopes of the load-displacement curves that Young's modulus also reduces as the number of missing atoms increases. Reduction in buckling load is attributed to the cumulative reduction of Young's modulus and buckling strain and hence the buckling load shows a higher reduction than the buckling strain.
Symmetric and asymmetric vacancies.
In this section, firstly we focus on the effects of symmetric and asymmetric vacancy configurations on buckling properties. Hence, the vacancy clusters 2A, 2B, 2C, 3A, 3B are considered here. Vacancy clusters 2A, 2B and 2C have the same number of missing atoms; however vacancy cluster 2C is asymmetric while the other two are symmetric. Similarly, vacancy clusters 3A and 3B have the same number of missing atoms, but 3A is symmetric and 3B is asymmetric. Force-displacement curves for the SWCNTs with vacancy clusters 2A, 2B, 2C, 3A and 3B are shown in figure 4 .
Results in table 1 and figure 4 indicate that asymmetric vacancies, compared to symmetric vacancies, cause a higher reduction in buckling strain and buckling load. Moreover, it can be seen that SWCNTs with asymmetric vacancies show nonlinear force-displacement behavior shortly before buckling. Zhang et al (2009b) also observed nonlinear loaddisplacement behavior for the SWCNTs with asymmetric vacancies. However, according to their results the buckling strain of asymmetric bivacancy clusters is superior not only to symmetric bivacancy clusters but also to monovacancy clusters. Asymmetry is more likely to facilitate buckling and hence a higher reduction of buckling properties can be expected from asymmetric vacancies compared to symmetric vacancies.
Furthermore, it is clear from the slopes of the forcedisplacement curves given in figure 4 that both SWCNTs having vacancy clusters 2B and 2C have almost the same Young's modulus until a certain point beyond which SWCNTs with 2C start displaying nonlinear behavior. Both of these SWCNTs have the same number of missing atoms and missing bonds. Therefore, it is evident that the elastic modulus is not affected by the asymmetry of the vacancy.
The second focus of this section is on the effect of vacancy distribution on buckling properties of CNTs. Hence, here we study the nanotubes with vacancy configurations 1B and 1C shown in figure 3. Both 1B and 1C contain two monovacancies. The monovacancies in 1B locate exactly opposite to each other while the monovacancies in 1C locate towards one side of the nanotubes. Vacancies such as 1B and 1C are likely to occur during irradiation. Irradiation leads to atoms in CNTs being attacked by energetic electrons or ions, giving rise to vacancies. If these electrons or ions are highly energetic they could knock-out carbon atoms from nanotubes forming two similar vacancies on the tube, such as 1B and 1C. The results in table 1 indicate that vacancy cluster 1C, compared to vacancy cluster 1B, cause a 7% and 5% reduction in buckling strain and buckling load, respectively. This is a plausible observation as asymmetry probably facilitates buckling.
Force-displacement curves for nanotubes with two vacancy clusters (1B and 1C) are compared with the forcedisplacement curves for nanotubes with a single vacancy cluster (1A, 2A and 2B) in figure 5. It can be seen from figure 5 that, due to the higher number of missing atoms and dangling bonds in vacancy cluster 1B and 1C, SWCNTs with these two vacancy clusters display lesser buckling properties than the SWCNT with vacancy cluster 1A. Moreover, it is clear that asymmetric distribution of vacancy clusters in 1C causes it to have lower buckling properties than 1B where the vacancy clusters are symmetrically distributed. Vacancy clusters 2A and 2B also have the same number of missing atoms as vacancy clusters in 1B and 1C. However, it should be noted that 2A and 2B are single vacancy clusters while 1B and 1C contain two vacancy clusters. It can be seen from figure 5 that the SWCNTs with vacancy clusters 2A and 2B, compared to vacancy clusters 1B and 1C, show lower buckling properties except for the higher buckling strain in vacancy cluster 2A. Therefore, it can be concluded that a single vacancy cluster can lead to a higher reduction in buckling properties compared to two or more vacancy clusters having the same number of missing atoms and dangling bonds.
Effect of temperature on defective versus pristine CNTs
It has been proven by many studies (Jeong et al 2007 , Ni et al 2002 that the buckling properties of pristine CNTs deteriorate as the temperature increases. Also, some studies observed the occurrence of defects in pristine CNTs at high temperatures (Zhang et al 2009a) . Despite the inconsistency in some results, a study by Zhang et al (2009b) suggests that the buckling properties of defective CNTs also deteriorate with increasing temperature.
Buckling strain and buckling load versus temperature curves for pristine (7, 7) SWCNT and (7, 7) SWCNTs with vacancy cluster 1A and 3B are shown in figures 6(a) and (b). The curves for pristine CNT appear to follow the same trend observed in past studies (Jeong et al 2007 , Ni et al 2002 .
It is obvious from figure 6 that the reduction in buckling properties caused by temperature in defective CNTs is less compared to pristine CNTs. Similar observations were made by Xiao and Hou (2006) regarding the fracture of defective CNTs. Their results showed that effect of temperature on failure stress and strain of defective CNTs is less than that of pristine CNTs. Moreover, it can be seen that the CNTs with a higher number of missing atoms are almost insensitive to temperature. Interestingly, SWCNTs with three missing atoms (vacancy cluster 3A) show a slight and gradual increase in buckling load as the temperature increases from 0 to 900 K. Zhang et al (2009b) also observed a higher buckling load in SWCNTs with symmetric bivacancy at the temperature of 800 K than at the temperature of 300 K. In pristine CNTs, buckling properties decrease as the temperature increases owing to the increase in thermal stresses occurring due to restraining of increased thermal motion of atoms. In defective CNTs, atoms around the vacancy achieve higher freedom of motion due to the lack of bonds. This may assist in reducing thermal stresses induced by the increasing temperature. Hence, the negative effect of temperature on the buckling properties of defective CNTs could be less than the pristine CNTs. As highlighted by Zhang et al (2009b) , bond reconstruction could also be another reason for the lesser effect caused by temperature on defective CNTs, although bond breakage and formation is not captured by the COMPASS force field.
Conclusion
The aim of this paper was to conduct a quantitative analysis of the degradation of buckling properties due to non-reconstructed vacancy defects. In order to understand the factors affecting the degree of degradation of buckling properties, several vacancy configurations were studied. Our findings showed that even a single missing atom can reduce buckling properties significantly. For example, in (7, 7) SWCNTs, the reduction in buckling load and buckling strain due to a single missing atom were 34% and 31%, respectively. In general, buckling properties seem to decrease as the number of missing atoms increases. However, exceptions, where SWCNTs with a higher number of missing atoms, compared to SWCNTs with a lower number of missing atoms, show higher buckling properties, were observed. This could be due to non-bonded interactions or due to chemical instabilities of the defect. Our findings further showed that asymmetry of vacancy configuration considerably affects the buckling properties as well as the force-displacement curves of CNTs. As anticipated, asymmetric vacancies led to lower buckling properties compared to symmetric vacancies with the same number of missing atoms and dangling bonds. Interestingly, asymmetric vacancies displayed nonlinear force-displacement behavior shortly before buckling occurred. Asymmetric vacancy distribution also caused a higher reduction in buckling properties compared to symmetric vacancy distribution. Furthermore, it was observed that a single vacancy cluster can cause a higher reduction in buckling properties compared to two or more vacancy clusters having the same number of missing atoms and dangling bonds.
It was observed from our results that due to the cumulative effect from all the aforementioned factors, a significant reduction of buckling properties can be expected. For example, for (7, 7) SWCNTs with four missing atoms, the reduction in buckling strain and buckling load were 48% and 73%. It was also noticed that the reduction in buckling load is always higher than the reduction in buckling strain and the difference between the two becomes higher as the number of missing atoms increases. This is a result of the decrease in Young's modulus occurring due to the increase in the number of missing atoms.
Similarly to the pristine CNTs, increasing temperature was found to decrease the buckling properties of defective CNTs as well. However, the reduction of buckling properties caused by increasing temperature was less for defective CNTs than for pristine CNTs. Moreover, as the number of missing atoms increased, the effect of temperature appeared to become insignificant.
Even high-quality production methods have been found to produce defective CNTs. Several methods have been developed to identify the defects in CNTs (Hashimoto et al 2004 , Yuwei et al 2005 , Ishigami et al 2004 , Miyamoto et al 2004 and further research is in progress to develop advanced techniques in identifying the defects. Therefore, it is possible to decide the expected strength from a certain sample of CNTs, if the degradation of buckling properties due to different vacancy configurations is known. Therefore, the findings of this study are believed to be helpful in designing nanomechanical devices and especially in designing nanocomposites.
